Streptococcus mutans is a bacterium that has evolved to be dependent upon a biofilm "lifestyle" for survival and persistence in its natural ecosystem, dental plaque. We initiated this study to identify the genes involved in the development of genetic competence in S. mutans and to assay the natural genetic transformability of biofilm-grown cells. Using genomic analyses, we identified a quorum-sensing peptide pheromone signaling system similar to those previously found in other streptococci. The genetic locus of this system comprises three genes, comC, comD, and comE, that encode a precursor to the peptide competence factor, a histidine kinase, and a response regulator, respectively. We deduced the sequence of comC and its active pheromone product and chemically synthesized the corresponding 21-amino-acid competence-stimulating peptide (CSP). Addition of CSP to noncompetent cells facilitated increased transformation frequencies, with typically 1% of the total cell population transformed. To further confirm the roles of these genes in genetic competence, we inactivated them by insertion-duplication mutagenesis or allelic replacement followed by assays of transformation efficiency. We also demonstrated that biofilm-grown S. mutans cells were transformed at a rate 10-to 600-fold higher than planktonic S. mutans cells. Donor DNA included a suicide plasmid, S. mutans chromosomal DNA harboring a heterologous erythromycin resistance gene, and a replicative plasmid. The cells were optimally transformed during the formation of 8-to 16-h-old biofilms primarily consisting of microcolonies on solid surfaces. We also found that dead cells in the biofilms could act as donors of a chromosomally encoded antibiotic resistance determinant. This work demonstrated that a peptide pheromone system controls genetic competence in S. mutans and that the system functions optimally when the cells are living in actively growing biofilms.
Natural genetic transformation is a process by which bacteria are able to take up and integrate exogenous free DNA from their environment (30) . This process enables the recipient organisms to acquire novel genes or heritable traits, thereby promoting the emergence of antibiotic resistance and genetic variation and the rapid evolution of virulence factors (10, 13, 15) . Therefore, natural genetic transformation can be an important mechanism whereby bacteria adapt to changing environments. Natural transformation in Streptococcus mutans was first demonstrated in 1981, when Perry and Kuramitsu showed that three strains of S. mutans could be transformed to streptomycin resistance (45) . They later found that a number of cariogenic properties, including the ability to synthesize waterinsoluble glucan and the production of bacteriocins, were conferred by genetic transformation (46) . These early works describing the natural transformation of S. mutans have allowed investigators to exploit this property to construct defined mutants and to analyze the functions of many genes in this organism.
Studies of the mitis group of the genus Streptococcus have demonstrated that these bacteria enter a physiologic state called genetic competence that allows them to transport and incorporate exogenous DNA. Induction of genetic competence in these streptococci is mediated by quorum sensing, which depends on a competence-stimulating peptide (CSP) signaling system (20, 21, 23, 32) . Cell-cell signaling in these bacteria involves at least six gene products, encoded by comAB, comCDE, and comX (7, 25) . Mutations in these genes result in a defect in competence development in Streptococcus pneumoniae (24) . In S. pneumoniae, Streptococcus mitis, and Streptococcus oralis, the CSP signaling system is encoded by the comCDE genes, which correspond to the CSP precursor, a histidine kinase, and a response regulator, respectively.
Although attempts have been made to identify homologs of these genes in S. mutans, the location of the corresponding genetic locus has remained elusive in this species (20) . In this report, we describe the locus involved in this process and the involvement of the genes in competence. Directed mutagenesis of the S. mutans comCDE genes followed by assays of transformation and competence stimulation by a chemically synthesized CSP clearly demonstrated the roles of these genes in genetic competence.
Competence development in S. mutans had been known to occur in a few easily transformable strains, although the transformation frequency was found to be much lower than for other streptococci (31, 41) . Moreover, genetic competence in S. mutans has been assayed exclusively by growing the organism in fluid cultures. To date, there has been no attempt to examine the competence development of S. mutans growing in biofilms, its natural environment.
Although there has not been a systematic study of the relationship between genetic competence and biofilm formation, a recent study of Streptococcus gordonii showed that a mutation in comD (a sensor kinase gene) resulted in a defect in biofilm formation (29) . These results suggested that quorum sensing via a signal peptide and a two-component system is important in genetic competence, biofilm formation, and likely other physiologic activities of surface-adherent streptococci.
Studying genetic competence in biofilms is a prerequisite for understanding the mechanism of horizontal gene transfer occurring in natural environments (9) . Recent evidence suggests that the growth of bacteria in biofilms can facilitate horizontal gene transfer between bacterial species via either conjugation or transformation (8, 17, 50) . To test this hypothesis, we have developed a system to measure and optimize the natural genetic transformation of biofilm-grown cells. Using this system, we have demonstrated that the formation of biofilms greatly enhances competence induction and the ability of S. mutans to transport and integrate foreign DNA.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Six wild-type or parent strains of S. mutans along with their relevant characteristics and sources are listed in Table 1 . All the strains were subcultured from freeze-dried ampoules and maintained routinely on Todd-Hewitt agar plates supplemented with 0.3% yeast extract (THYE) (BBL; Becton Dickinson, Cockeysville, Md.). For selection of antibiotic-resistant colonies after genetic transformation, the medium was supplemented with either 10 g of erythromycin or 500 g of kanamycin (SigmaAldrich, St. Louis, Mo.)/ml. In the present study, two plasmids were employed as prepared donor DNA (Table 1) . Plasmid pVA-GTFA was derived from the streptococcal integration vector pVA891 (35) . It was constructed by cloning a 2.4-kb EcoRI fragment harboring a portion of the S. mutans gtfA gene from plasmid pSUCRI (5) . Plasmid pDL289 (4) is an Escherichia coli-Streptococcus shuttle vector carrying a kanamycin resistance (Km r ) gene that is expressed in both species, conferring resistance to kanamycin in E. coli at 35 g/ml and in S. mutans at 500 to 1,000 g/ml.
Identification of the comCDE locus in S. mutans. The comD and comE genes were identified in the partially completed S. mutans genome database, available from the University of Oklahoma Advanced Center for Genome Technology (OU-ACGT; http://www.genome.ou.edu/smutans.html), by comparison with their homologs in S. pneumoniae (47) using the tblastn program (1) . A putative comC sequence was identified 148 nucleotides 5Ј proximal to the stop codon of the comD homolog on the opposite strand. A pair of PCR primers, ComC-F5 and ComC-B5 (Table 2) , was designed to amplify a 651-bp fragment containing the entire comC gene from six strains of S. mutans. Chromosomal DNA, isolated from each strain by the method of Chen et al. (6) , was used as a template. The amplified products were purified using the StrataPrep PCR Product Purification Kit (Stratagene, La Jolla, Calif.) following the manufacturer's instructions. The purified PCR products were subsequently sequenced from both ends with the original amplification primers and either a Pharmacia ALF or a Perkin-Elmer-ABI Prism 377, using either dye-primer or dye terminator chemistry (DNA Sequencing Facility at The Centre for Applied Genomics, The Hospital for Sick Children, Toronto, Canada). The gene sequence of comC was used to deduce the protein sequence of the putative CSP precursor. The mature CSP sequence was then determined as the cleavage product of its precursor protein, with the cleavage site located after a glycine-glycine consensus sequence commonly found in the leader sequence of gram-positive peptide signal molecules (19) .
Construction of mutants. A knockout mutant of comC was created by allelic exchange via insertion of an erythromycin resistance (Em r ) determinant into the comC locus. The comC PCR fragment from strain NG8 previously amplified for nucleotide sequencing was cloned into plasmid PCR-Script Amp SK(ϩ) (Stratagene) at the SrfI site. A pair of PCR primers, ComCЈ-F1-ComCЈ-B1 (Table 2) , was designed to amplify the PCR-Script-comC plasmid outward from the flanking regions of the comC gene. This resulted in a linear plasmid harboring flanking S. mutans DNA but devoid of the comC open reading frame (ORF). Primer pair Erm2-F3-Erm2-B1 was used to amplify an erythromycin resistance cassette from plasmid pTV32-OK (11) and was inserted into the PCR-ScriptcomC vector via XbaI and SpeI restriction sites. The resultant construct, designated pComC-KO, was transformed into Epicurian coli XL1-Blue supercompetent cells (Stratagene) for propagation. Transformed colonies were screened on Luria-Bertani-erythromycin (300 g/ml) agar plates to select those harboring pComC-KO plasmids, which were then isolated from the selected clones by precipitation with polyethylene glycol (Applied Biosystems, Foster City, Calif.). Purified pComC-KO plasmids were then linearized by ScaI digestion to disrupt the beta-lactamase gene, purified following agarose gel electrophoresis, and used to transform the S. mutans wild-type strain NG8. Transformed colonies were screened on THYE-erythromycin (10 g/ml) agar plates to identify mutants harboring the integrated Em r determinant. Knockout mutants of comD and comE were constructed by insertion-duplication mutagenesis. The primer pairs ComD-F1-ComD-B1 and ComE-F1-ComE-B1 (Table 2) were designed to amplify internal regions of comD and comE, respectively. Each amplicon was then ligated to the integration plasmid Synthesis and use of CSP. The CSP precursor amino acid sequence (46 amino acids) was derived using the universal genetic code based on the consensus nucleotide sequence of the comC gene obtained from various S. mutans strains (Fig. 1) . The Gly-Gly cleavage site was deduced, and the resultant mature CSP consisting of 21 amino acids was synthesized using automated 9-fluorenylmethoxy carbonyl chemistry and confirmed by reverse-phase high-performance liquid chromatography and mass spectrometry profiles (Biotechnology Service Centre, University of Toronto). The synthetic CSP (SCSP) was freeze-dried and stored at Ϫ20°C.
To evaluate enhancement of transformation efficiency by CSP, the synthetic peptide was freshly dissolved in sterile distilled deionized water at a concentration of 1 mg/ml. This peptide solution was then added to early-to mid-log-phase cultures at final concentrations ranging from 10 to 1,000 ng/ml. The cultures were preincubated with the peptide at 37°C for 30 min before DNA was added. The cultures were incubated for an additional 2 h and plated on antibiotic selective plates. The transformation efficiency was assessed after 2 days of incubation at 37°C in an atmosphere of 5% CO 2 .
Biofilm formation and quantification. Biofilms were developed on polystyrene microtiter plates to provide a simple and rapid method for assaying genetic transformation. A 4ϫ-diluted THYE medium supplemented with final concentrations of 0.01% hog gastric mucin (Sigma-Aldrich) and 5 mM glucose was used as the biofilm medium (BM) (27) . The formation of biofilms was initiated by inoculating 20 l of cell suspension (approximately 2.5 ϫ 10 5 viable cells) into each well containing 2 ml of BM. Four wells were set up simultaneously: two for assaying transformation and two for quantification of biofilms by viable-cell count. After the cultures were incubated at 37°C with 5% CO 2 for 20 h, fluid medium was removed for quantifying viable cells using a modification of the ultrasonic dispersion technique established for enumeration of oral streptococci (43) . The wells were rinsed once with 10 mM KPO 4 buffer (PB; pH 7.2), and biofilm cells were collected in 2 ml of PB after gentle sonication using the BioSonik IV (Bronwill, Rochester, N.Y.) with a low power output at a setting of 20 for 10 s. This procedure removed Ͼ99% of the attached cells as estimated by comparing plate counts to residual cell numbers revealed by scanning electron microscopy (SEM) and light microscopy. Planktonic-phase cells were also subjected to sonication. This procedure was used to disassociate chains before plating. The cells were examined by light microscopy following Gram staining to ensure adequate disruption of chains and aggregates and the integrity of the cells. Greater than 90% of the cells were present as individual cocci. Both biofilm and planktonic cells were immediately spread on THYE plates using the model DU2 spiral plater (Spiral Systems Inc., Cincinnati, Ohio) and incubated at 37°C in 5% CO 2 . Biofilms were quantified by viable-cell counts after the plates were incubated for 48 h. The results were expressed as the mean CFU Ϯ standard deviation of four independent cultures.
Biofilms were also grown in a chemostat-based biofilm fermentor to define and optimize the conditions for competence induction in biofilm-grown cells. The biofilm fermentor was modified in the Mechanical Engineering and Glass Blowing Shops, University of Toronto, based on a similar system described previously (27) . The vessel was made of glass, with a working volume of 400 ml. The vessel lid was constructed of stainless steel and had 10 sampling ports, which allowed sterile insertion and retrieval of glass rods (approximately 4. 
a Engineered restriction sites are underlined; actual endonuclease recognition sequences are in boldface. Restriction endonuclease recognition sequences are as follows: BamHI, G/GATCC; EcoRI, G/AATTC; Spel, A/CTAGT; Xbal, T/CTAGA. mersed in fluid medium), thereby providing abiotic surfaces for accumulation of biofilms. The temperature in the chemostat vessel was maintained at 37 Ϯ 0.05°C by a temperature controller (model R-600F; Cole Parmer, Vernon Hill, Ill.). The culture pH was controlled by a pH control unit (Digital pH Meter/Controller [model 501-3400]; Barnant Corp., Barrington, Ill.) through the addition of 1 M KOH or 1 M HCl. The vessel was supported on a magnetic stirrer (Fisher Scientific, Nepean, Canada), and the culture was stirred by a polypropylenecoated magnetic stirrer bar (3 cm in length) at 200 rpm. Continuous cultures were established by pumping fresh BM into the vessel at the desired dilution rates. Daily maintenance of the chemostat included optical-density reading, viable-cell counts, and pH measurement in fluid cultures. When the cultures reached steady-state (at least 10 mean generation times), glass rods were aseptically inserted into them for the initiation of biofilm formation. Biofilms of different ages were then removed from the vessel to assay viable biofilm cell counts and genetic transformation. Sonication and microscopy were performed on the cells to ensure that chains and aggregates were dissociated as described above. Three rods from two independent cultures for each experimental condition were examined, and the results were expressed as the mean CFU Ϯ standard deviation.
SEM of biofilms. To verify the quantitative results, biofilms formed on the mucin-coated surfaces of polystyrene microtiter plates were examined by SEM. Biofilms that had accumulated for different times were washed once with 10 mM PB, fixed by adding 2 ml of 3.7% formaldehyde in 10 mM PB, and incubated at 20°C overnight. The samples were then dehydrated through a series of ethanol rinses (30, 50, 70, 95 , and 100%), and critical-point dried with liquid CO 2 . The bottom surfaces of the wells were cut off, mounted, and sputter coated with gold. Samples were then examined at ϫ1,000 to 2,500 magnification using a scanning electron microscope (model S-2500; Hitachi Instruments, San Jose, Calif.). Biofilms accumulated on glass surfaces in the chemostat were not examined in this study, since the spatial distribution of S. mutans biofilms on glass rods over time under the same conditions had been reported previously (27) .
Preparation of transforming DNA. Both plasmid and chromosomal DNAs were used to assay natural genetic transformation. Plasmid DNAs were prepared from E. coli cultures by using a commercial plasmid preparation kit (Qiagen Inc., Mississauga, Canada). Homologous chromosomal DNA carrying an erythromycin resistance gene was isolated from the recombinant S. mutans strain YD025 (a derivative of strain UA159 harboring integrated pVA-GTFA) by the method of Chen et al. (6) .
Transformation protocols. In this study, two methods were used to assay and optimize the natural transformation of biofilm cells. Biofilms formed on polystyrene microtiter plates were prepared for transformation by carefully removing 2 ml of BM and replacing it with fresh THYE-HS. The cultures were incubated at 37°C for 2 h, and 1 g of plasmid DNA/ml or 10 g of chromosomal DNA/ml was added. The cultures were incubated for an additional 2 h before the fluid medium was removed and the planktonic-phase cells were collected. The wells were rinsed once with PB (pH 7.2), and the biofilm cells were collected in 2 ml of PB after gentle sonication. Suspensions of both the biofilm and planktonic cells were disrupted into single cells as described above and were centrifuged at 12,000 ϫ g for 5 min and resuspended in 200 l of fresh medium. An aliquot of each cell suspension was spread on THYE plates containing appropriate antibiotics, and the transformation frequency was determined after 48 h of incubation. The transformation frequency was expressed as the percentage of transformants over total viable recipient cells.
The genetic transformation of biofilm cells grown in the chemostat followed the same basic procedure described above, with the following exceptions. Glass rods with intact biofilm cells were removed and placed in 2 ml of prewarmed fresh THYE-HS medium and incubated at 37°C for 30 min before donor DNA was added. After a 2-h incubation, the biofilm cells were removed from the surface by gentle sonication. Two milliliters of planktonic cells was taken directly from the fluid phase of the chemostat for comparison of transformation frequencies. These cells were sonicated, examined by microscopy, centrifuged, and resuspended in 2 ml of fresh prewarmed THYE-HS.
Both biofilm and planktonic-cell suspensions were spread on THYE plates containing appropriate antibiotics for selection of transformants. Transformants were confirmed to harbor integrated DNA by colony hybridization using a DIG Colony Hybridization Kit (Roche Diagnostics) and a probe prepared using plasmid pVA891 (35) , the parent plasmid of pVA-GTFA. To assay for a transformation-defective phenotype in comCDE mutants, overnight cultures of S. mutans grown in THYE were diluted 10-fold in THYE-HS and grown in 5% CO 2 at 37°C for 1 h. Recipient cells were counted by spreading serial dilutions (10 Ϫ5 to 10 Ϫ7 ) on THYE agar plates containing erythromycin (10 g/ml). A DNA solution containing saturating amounts of the replicative plasmid pDL289 was added (1 g per ml of culture) before a further 2-h incubation. Aliquots were spread onto selective THYE agar plates (10 g of erythromycin/ml; 500 g of kanamycin/ml) and incubated in a 5% CO 2 chamber for 48 h.
Transformation with heat-killed biofilm cells as a source of donor DNA. To determine if dead cells in biofilms could act as a source of transforming DNA, plates coated with heat-killed biofilm cells were prepared. In this case, biofilms of the donor strain YD025 carrying an erythromycin resistance marker were developed on polystyrene microtiter plates. Before heat treatment, the fluid medium was removed and the biofilms were washed once with sterile water. The biofilms on plates were then incubated with 2 ml of preheated (80°C) sterile water for 20 min. This procedure was performed very carefully to reduce shearing of the biofilm cells from the surface. After heat treatment, the fluid was removed and the plates were dried and kept at Ϫ20°C until use. Samples from multiple wells were taken as described above for assessment of biofilm cell viability counts and plated on THYE agar to confirm cell death in heat-treated biofilms. There were no survivors after the treatment. The plates coated with heat-killed biofilms were then reused to grow biofilms and to assay genetic transformation. As a positive control, chromosomal DNA extracted from strain YD025 carrying an erythromycin resistance marker was used under saturating conditions (10 g/ml). These conditions were used because they represented the maximal frequency of transformation that we could achieve with our in vitro biofilms.
Nucleotide sequence accession numbers. The amino acid sequences of the CSP precursors in the seven strains of S. mutans under investigation have been submitted to the GenBank protein database (National Center for Biotechnology Information website at http://www.ncbi.nlm.nih.gov) under accession numbers AF277151 to AF277157.
RESULTS
Identification and confirmation of the comCDE locus in S. mutans. The comCDE locus in S. mutans was detected in contig 459 of the S. mutans genome database file dated 12, November 1999 (OU-ACGT website) by searching the S. mutans genome using tblastn with the comCDE region from S. pneumoniae (18) as the query sequence. A distinct organization of the three genes was notable from the ORF map (Fig. 2) . comC was located 5Ј proximal and in the opposite orientation to comD and comE. The precise locations of the comC, comD, and comE coding sequences were found to be at 23646 to 23783, 25253 to 23931, and 26002 to 25253, respectively, on the contig. Due to the shorter sequence of the comC gene, resulting in a lower tblastn score, and its unique reversed orientation with respect to comDE, an alignment of CSP precursors from several streptococcal species was performed to support its identity. This ORF appeared to encode a CSP precursor, since it had between 25 and 46% identity at the nucleotide level with CSP sequences from nine other species of oral streptococci (20) ( Table 3) .
The presence of the comCDE locus in all of the S. mutans strains under investigation was confirmed by PCR amplification. Primers designed to amplify internal regions of comD and comE based on the UA159 sequence were successful in generating PCR products of the predicted sizes (292 and 462 bp, respectively). As for the comparatively small comC, primers designed to amplify a region encompassing the entire gene and flanking regions were successful in yielding a predicted PCR product of 651 bp in the six different strains examined. The comC-containing PCR products were sequenced in both directions, and the conceptual translations of the comC ORFs were found to be essentially identical (Fig. 1) .
The consensus derived from these sequences (identical to the NG8 sequence) provided the basis for the design of an SCSP useful in the artificial induction of competence. The amino acid sequence of the CSP was deduced to be a 21-residue peptide at the carboxyl terminal of the CSP precursor (SGSLSTFFRLFNRSFTQALGK). The proteolytic cleavage site was predicted to arise immediately after a double-glycine consensus sequence, which is commonly observed at the end of leader peptides for nonlantibiotic peptide bacteriocins (19) and all CSPs produced by gram-positive bacteria that are known to date (20) . The leader peptide in this case is the 25-amino-acid peptide at the amino terminus of the CSP precursor (MKKTLSLKNDFKEIKTDELEIIIGG). Interestingly, a premature stop codon in strain JH1005 was due to duplication of a stretch of 29 nucleotides (AGAATTTTACACAAG CTTTGGGAAAATAA) near the end of the comC coding sequence inserted after position 130. JH1005 was found to have a low transformation frequency compared with the other strains examined (Fig. 3) .
The involvement of the comCDE genes in genetic competence was confirmed by assaying mutants for the ability to be transformed with plasmid DNA. The S. mutans strains SMCC1, SMCD1, and SMCE1 (comC, comD, and comE knockouts) were created from the wild-type strain NG8 (Table  4 ). Using the methods described above, a comC mutant clone was successfully isolated by double reciprocal crossover following transformation with linearized pComC-KO, while comD and comE mutants were derived from insertion-duplication mutagenesis with pComD-KO and pComE-KO, respectively. Disruption of the target genes in the three competence mutant strains was confirmed by positive amplification patterns using the rapid PCR screening protocol described above (data not shown). Using plasmid pDL289 for the transformation assay, all three mutants had dramatically decreased transformation efficiencies that were approximately 100-fold lower than that of the parent strain, NG8, in both planktonic (Table 4) (Table 4) . Furthermore, the addition of SCSP to the transformation reactions restored the transformability of the comC mutant strain SMCC1 to levels near that of the wild-type strain with SCSP added. In another example of SCSP complementation, we were able to restore transformability to strain JH1005, which harbors a truncated comC, to levels approaching that of the wild-type strain with added SCSP (Table 4) . When SCSP was added to biofilm cells, no increase in transformation efficiency was observed with strain NG8, but with the comC mutant strain SMCC1, transformation efficiency was restored to wild-type levels (data not shown). Biofilm formation and quantification. Previous studies showed that biofilm formation was usually favored when bacteria were grown in an oligotrophic environment or in a nutritionally limited or minimal medium (29, 44) . We demonstrated that a highly diluted rich medium, such as commercially available Todd-Hewitt broth with proper supplements, also favored biofilm formation. All of the strains tested formed relatively stable and reproducible biofilms over time when grown in a 4ϫ-diluted THYE medium (BM) supplemented with final concentrations of 0.01% hog gastric mucin and 5 mM glucose. It is noteworthy that hog gastric mucin supplemented in the medium was not used as a nutrient source but for conditioning the surface, since S. mutans alone is unable to degrade mucin (3, 27) . Previous work demonstrated that the glucose concentration affects the biomass of the films, with increased glucose resulting in thicker films (27) . The accumulation rate of strain UA159 in the biofilm fermentor and in microtiter wells is illustrated in Fig. 4 . These growth curves are typical of those observed with the other S. mutans strains. After 20 h of accumulation, the mean cell numbers in biofilms on microtiter plates ranged from 5.6 to 6.4 ϫ 10 8 CFU per well for all six strains tested (Fig. 4A and data not shown) . SEM graphically illustrated the cell densities in relation to the viable biofilm cell counts (Fig. 5) . Biofilms that had accumulated on the surface for 4 h generally showed a relatively even distribution, with single or a few layers of attached cells (Fig. 5A) . As the biofilms accumulated, the cell numbers on the surface rapidly increased, with the formation of many microcolonies (Fig. 5B) . Biofilms that had accumulated for 24 h consisted predominantly of dense layers of cells with visible extracellular matrix (Fig. 5C ). The biofilms became more heterogeneous in appearance with time, with various chain lengths easily visible among the aggregates.
The kinetics of biofilm accumulation of a representative strain, UA159, grown in the chemostat at different dilution rates is presented in Fig. 4B . Biofilm formation by this strain grown in BM at a dilution rate (D) of 0.1 h Ϫ1 showed three accumulation phases: (i) the adherence phase (0 to 4 h), (ii) the active accumulation phase (4 to 20 h), and (iii) the slow or plateau accumulation phase (after 20 h). These phases were similar to those described previously (27) . The number of cells for 20-h biofilms was 5.8 Ϯ 1.5 ϫ 10 6 CFU/cm 2 , while the doubling time for biofilms during the active accumulation phase (6 to 12 h) was 2.3 to 4 h, about two-to threefold faster than that for planktonic cells (6. 
Ϫ2
a wt, wild type. The donor DNA used for transformation was replicative plasmid pDL289 carrying a kanamycin resistance gene except with NG8, which was also transformed with the integrative plasmid pVA-GTFA.
b All assays were performed with a saturating concentration of DNA (Ͼ1 g/ml). The results are expressed as the mean value from three separate experiments Ϯ standard deviation. h Ϫ1 was much more rapid than that of biofilms grown at a D of 0.1 h
Ϫ1
. At a D of 0.5 h Ϫ1 , the numbers of cells on the surfaces reached 8.6 Ϯ 2.3 ϫ 10 6 CFU/cm 2 after only 8 h of accumulation, and the sequence of the accumulation phases was less apparent.
High efficiency of genetic transformation in S. mutans biofilms. All the strains examined in this study were transformable with either plasmid or chromosomal DNA when they were grown in both biofilms and suspended fluid cultures. Strains UA159, NG8, GB14, and LT11 showed the highest transformation frequencies, whereas strain JH1005 gave the lowest frequency of transformation ( Fig. 3 and 6) . Remarkably, the transformation frequencies of biofilm-grown cells of all the strains were about 10-to 600-fold higher than those of the planktonic cells when DNA harboring S. mutans homologous sequence was used for the transformation. Similar increases in transformation frequency were observed in S. mutans biofilms when a replicative plasmid (pDL289) carrying no homologous DNA was used as the donor DNA (data not shown). However, the transformation efficiency with the replicative plasmid was GENETIC TRANSFORMATION OF S. MUTANS BIOFILMS 903 about 1 to 2 log units lower than that with homologous donor DNA in both biofilm and planktonic cells. S. mutans cells growing in biofilms were evidently able to incorporate foreign DNA much more efficiently than their free-living counterparts in fluid cultures. To verify the incorporation of plasmid pVA-GTFA DNA in transformants, plates were randomly selected for colony hybridization and probed with pVA891, the parent plasmid of pVA-GTFA. The probe hybridized with lysed colonies on the transformant-selective plates and revealed a strong signal, but it did not hybridize to colonies on plates containing untransformed parent cells, confirming the integration of the vector in erythromycin-resistant colonies (data not shown). Similar frequencies of transformation of biofilms were also observed when they were incubated in THYE medium without horse serum, indicating that this component was not required when cells were grown in biofilms (data not shown).
Transformation with heat-killed biofilm cells as a source of donor DNA. In natural ecosystems, exogenous transforming DNA for bacteria most likely originates from incompletely degraded DNA fragments released from dead cells in their immediate surroundings (30) . We hypothesized that a highcell-density biofilm community with bacterial species showing high genetic similarity would probably provide an environment conducive to acquiring exogenous DNA. To test this hypothesis, we established biofilms of strain YD025 harboring a chromosomally encoded erythromycin resistance marker, killed the organisms by heat, and initiated transformation by regrowing biofilms on the plates containing the dead biofilms. Transformation efficiency in both biofilm and planktonic cells exposed to the dead cells was assayed after 6 h of incubation (1:4 ratio of mid-log-phase cells to fresh slides containing the dead biofilms in THYE-HS). Biofilm cells of all strains used in this study were transformable on the dead-cell-coated plates (Fig.  6) .
Effects of dilution rates, growth pH, and biofilm age on competence development. Competence development in streptococci is a transient physiologic event that is highly dependent on growth phase and cell density (21) . The determination of optimal conditions for induction of competence in batch cultures is usually difficult. Consequently, a chemostat-based continuous-flow fermentor was used in this study to provide an advantage in defining and optimizing the conditions for competence development in S. mutans. The dilution rate, culture pH, and biofilm age all influenced the competence development of S. mutans growing in biofilms. Development of genetic competence was generally associated with actively growing cells or with cells during their active accumulation phase (4 to 20 h). For example, UA159 cells grown at a high dilution rate (D ϭ 0.5 h Ϫ1 ) exhibited a much higher transformation efficiency than cells grown at a low dilution rate (D ϭ 0.1 h Ϫ1 ), although biofilm cells grown under both conditions could become competent (Fig. 7) . The highest frequency of natural transformation was observed with biofilms accumulated on surfaces for less than 20 h at a D of 0.5 h Ϫ1 at pH 7.0 to 8.0 (data not shown). It is notable that a high rate of transformation efficiency was also observed in planktonic-phase cells grown at the high dilution rate (D ϭ 0.5 h Ϫ1 ) (Fig. 7) . This probably resulted from the increased density of planktonic cells with the higher rate of medium turnover or possibly from the release of cells from the biofilms, which typically shed cells at a higher rate under these conditions. The transformation efficiency of biofilm cells grown at a constant pH of 6.0 was significantly decreased (data not shown). Moreover, no transformation was detected in the planktonic cells at pH 6.0. (data not shown). These results seemed to indicate that low pH impaired the competence induction of S. mutans.
To determine if competence development was a common event in biofilms, we initiated a time course experiment to assay the natural transformation of S. mutans biofilm cells grown in a continuous culture. The data showed that higher frequencies of genetic transformation were usually observed in biofilms during their active accumulation phase (8 to 24 h) (Fig. 8 ). When biofilms that had accumulated on surfaces for 40 h or longer were assayed for transformability, they had decreased transformation efficiency, even when the cells were grown at a D of 0.5 h Ϫ1 (Fig. 8 and data not shown) . Moreover, no transformation at all was detected in 5-day biofilms (data not shown). FIG. 7 . Effect of dilution rate on competence development of S. mutans UA159 grown in continuous cultures. Twenty-hour biofilms were assayed for transformation with pVA-GTFA as the donor DNA (1 g/ml) . Plank., planktonic.
FIG. 8. Time course experiment of natural transformation of S.
mutans UA159 grown at a D of 0.5 h Ϫ1 , pVA-GTFA was used as the donor DNA (1 g/ml) . Plank., planktonic.
DISCUSSION
The implications of horizontal gene transfer for bacterial evolution and adaptation are far-reaching. The rapid emergence and spread of antibiotic resistance is probably the most commonly recognized manifestation of this process. The mechanisms operating in bacteria that permit the uptake and incorporation of foreign DNA include transformation, conjugation, and transduction. Although a great deal of work has provided insight into the molecular mechanisms that are involved in these processes, little is known about the functions of these systems in natural environments.
Since biofilms are more representative of bacterial growth in natural environments and S. mutans is an organism that relies on adherence to hard, nonshedding surfaces (teeth) to colonize, we set forth to investigate the ability of this bacterium to transport and integrate exogenous DNA when living in its biofilm state. We were fortunate to have the partially completed S. mutans database to search for and identify competence genes homologous to those recently described in other streptococci, with the best example coming from S. pneumoniae (18) . The genetic competence mechanisms in S. pneumoniae are among the best-described cell-cell signaling systems in gram-positive bacteria. In streptococci, competence develops in the early to mid-exponential growth phase, with a wide variation in the optimal conditions for different species and strains. Details of genetic competence have been fairly well characterized for S. pneumoniae (20, 21) and S. gordonii (formerly some strains of Streptococcus sanguis) (32, 33, 34) . Competence in these and several other streptococci involves the production, export, and subsequent uptake by neighboring cells of a small peptide signal molecule known as CSP in S. pneumoniae and competence factor (CF) in S. gordonii (26) . S. pneumoniae CSP was found to be a 17-residue peptide derived from a 41-residue peptide precursor that is cleaved during export via the ComA transporter (18) . In S. gordonii, the CSPrelated CF had recently been characterized as a 19-amino-acid peptide, which is processed from a 50-residue prepeptide containing a 31-amino-acid double-glycine-type leader sequence encoded by comX (33) . When taken up by the cell, CF or CSP initiates transcription of a cascade of competence-specific genes encoding at least 14 different proteins (40) . The genes are generally grouped into early competence genes that encode proteins involved in cell-cell signaling and middle to late competence genes that encode proteins involved in DNA uptake and processing (21) .
After examination of the S. mutans locus encompassing the comCDE genes, we found that the orientation of the genes in this region was clearly different from those described in other streptococci (20) . In S. pneumoniae, S. mitis, S. oralis, S. gordonii, S. sanguis, and Streptococcus crista, as well as four organisms from the anginosus group, Streptococcus anginosus, Streptococcus intermedius, Streptoccus constellatus, and Streptococcus milleri, the comCDE genes are arranged in an operon flanked by the genes encoding the tRNA for arginine (targ) and glutamate (tglu). The S. mutans comCDE region was not detected when PCR primers based on the tRNA sequences were used to screen for the com locus (20) , since they are not flanked by these sequences. In S. mutans, the comC gene is also encoded divergently on the strand complementary to the comDE genes, and there were also promoterlike sequences observed 5Ј proximal to both the comC and comE genes, again a dissimilarity to the operonlike structures previously described. The nearest ORF located 5Ј proximal to the comC gene was 497 bp away and had homology to the blpO gene encoding a hypothetical bacteriocin-like protein from S. pneumoniae (14) . An ORF having homology to the dedA gene from E. coli (unknown function) was identified 497 bp 5Ј proximal to the S. mutans comE gene (42) .
We were able to demonstrate that the S. mutans comCDE homologs functioned in competence, since inactivation of the individual genes resulted in a competence-deficient phenotype and addition of the SCSP was able to restore transformability to the comC mutant SMCC1. These data provided strong evidence that the locus functions in the process of genetic competence. The addition of SCSP enhanced the transformation frequency by several orders of magnitude, even in wild-type cells, allowing us to exploit this property in the construction of mutants. Interestingly the comE mutant of S. mutans had a fairly high residual level of transformation (Table 4) compared with the comE mutants of S. pneumoniae, which had no detectable transformation (7, 47) .
The sequence of the ComC peptide precursor revealed the characteristic Gly-Gly in the leader sequence typical of CSPs (18) . We were able to deduce the sequence of the active peptide and to demonstrate its function in wild-type, chemically mutagenized (JH1005) and defined (SMCC1) comC mutant strains. Comparison of the sequences of six different S. mutans comC genes revealed little significant difference, with the exception of strain JH1005, which had a nonsense mutation resulting in a predicted peptide devoid of the three carboxylterminal residues. This strain was chemically mutagenized to increase bacteriocin production (22) . This mutation probably explains the low frequency of transformation of strain JH1005 compared to the other strains examined (Fig. 2) . Interestingly, strain JH1005 was transformed at rates similar to those of other wild-type cells when grown on dead cells as a source of transforming DNA (Fig. 6) . One explanation for this observation is that JH1005 cells may have been activated by the intact peptide that was possibly associated with the dead biofilm.
S. pneumoniae is known to have many different pherotypes, or strains that produce a strain-specific peptide to facilitate communication linearly along clonal boundaries (20, 48) . The conserved peptide sequence observed in S. mutans suggests that S. mutans species may not have different pherotypes, or strains that produce and recognize a CSP distinct from those of strains outside their pherotype. Although the CSP seems to be largely invariant in S. mutans, an examination of more strains will be necessary to confirm that only one active form of CSP exists within the species.
Since biofilms formed by gram-negative bacteria were previously observed to provide an optimal environment for quorum-sensing mechanisms to function in (12, 38) , it seemed likely that a similar situation would occur with gram-positive biofilm-forming bacteria. S. mutans proved to be an excellent model organism to demonstrate the enhanced activity of a quorum-sensing system in a gram-positive bacterium. A novel, major finding of this study is that S. mutans cells growing in biofilms are able to incorporate foreign DNA much more efficiently than their free-living counterparts. Under the defined growth conditions, natural transformation of S. mutans could be readily assayed in biofilm populations, with transformation frequencies of biofilm-grown cells 10-to 600-fold higher than those of planktonic cells. To our knowledge, this report is the first to provide direct evidence that biofilm-grown bacteria of any species can be efficiently induced to become genetically competent for transformation. The evidence from this study suggests that the biofilm environments provide optimal conditions for quorum-sensing systems, as found with the induction of genetic competence, for bacteria that preferentially maintain a biofilm lifestyle in their natural ecosystem. Although we made no attempt to estimate the natural transformability of S. mutans strains in dental biofilms in vivo, our data strongly suggest that the transformability of S. mutans isolates previously determined in liquid culture might be underestimated (43, 45, 46) . It seems that many "difficult or nontransformable" S. mutans strains may in fact be capable of natural transformation when grown as biofilms.
Based on our observation that a higher frequency of natural transformation occurred in actively growing biofilms than in planktonic cells, we conclude that the cell-cell signaling system controlling competence development in S. mutans is mediated by a cell density-dependent quorum-sensing mechanism that functions at optimal levels during the active accumulation phase of biofilms. The scanning electron micrographs corresponding to the times of optimal transformation clearly showed that the cells were living in microcolonies. In the 24-h-old mature biofilms, thick cell aggregates obviously provided an environment conducive to the secretion and detection of the natural signal peptide molecule capable of initiating the cascade needed for competence development. In the early growth phase preceding development of these microcolony structures (Ͻ6 h), the bacteria appeared as individual cells and chains from which a secreted molecule could easily diffuse into the external environment without contacting neighboring cells. In the older biofilms (40 h), the lower transformation frequency was possibly the result of a diffusion barrier caused by extracellular matrix (obviously visible in the electron micrographs) or by cells that were less metabolically active or dead. Since S. mutans is known to form extracellular polysaccharides from sucrose and not glucose, we suspect that the polymer may result from traces of sucrose available in the rich medium or from polysaccharide, possibly glycogen, released from cells by a yet-uncharacterized mechanism.
In addition to the genetic evidence presented, we conducted a careful quantitative and microscopic evaluation of S. mutans biofilm formation and transformability under steady-state culture conditions. Biofilm growth was characterized by an active accumulation phase following initial adherence to surfaces (Fig. 4) . During the active accumulation phase, the number of biofilm cells increased logarithmically at either a low or high dilution rate. The logarithmic increase in cell numbers on the surfaces during this phase could be attributed to the growth of biofilm cells, since adherence alone did not result in a logarithmic increase in cell numbers on surfaces (27) . A similar cell density-dependent multiplication during biofilm formation in S. gordonii was previously demonstrated by Liljemark et al. (28) , who observed DNA synthesis using a [methyl-
3 H]thymidine incorporation method. These authors found that the density-dependent cell division phase of biofilm formation in vivo contributed 90% of the biomass in the first 24 h of dental plaque biofilm growth.
The utility of polystyrene plates as a substratum for biofilm growth provided investigators a rapid and convenient method to grow and quantify biofilms and to screen for mutant strains defective in biofilm formation genes (29, 44) . However, the use of microtiter plates is limited when applied to define the conditions required for the induction of genetic competence, a transient physiologic event usually occurring in the early to mid-log growth phase. The induction of genetic competence requires a wide variety of conditions for different species and strains (20, 21) . In addition, this method seems to be biased towards the initial events of biofilm formation, which may not allow the identification of defects in late biofilm formation or of transient gene expression as part of the dynamic process of biofilm development (29) . In contrast, a chemostat-based continuous-flow system allows researchers to observe physiologic activities of a bacterial population under constant growth conditions (16) . By adjusting a single environmental or growth parameter, it is possible to define optimal conditions required for a certain function. Using these systems, we have determined that growth rate, culture pH, and biofilm age are important factors that influence the competence development of S. mutans growing in biofilms. In addition, the continuous-flow biofilm fermentor allowed us to generate reproducible quantitative data to compare differences between the physiologic properties of planktonic cells and biofilms of various ages.
Horizontal gene transfer by genetic transformation among bacteria has been confirmed in many natural ecosystems (30) . Dental plaque is a complex biofilm community that harbors the most diverse resident microflora associated with humans (37) . Bacteria in dental biofilms, including S. mutans, are frequently exposed to various stresses, such as extreme nutrient shortage or excess, low pH, high osmolarity, oxidation, and frequent consumption of antimicrobial agents by the host (2, 36). Adaptation to an environmental stress by genetic transformation was believed to be a very infrequent event. However, even a very infrequent event can be highly significant if the transforming DNA, such as an antibiotic resistance gene or a virulence factor, provides a selective advantage to the recipient cells. In the oral cavity, free DNA may be constantly available either from dead cells of the resident organisms, from incoming bacteria, or from foods or any other objects introduced into the mouth. Recent evidence also demonstrates that free DNA can survive for a significant length of time in the presence of human saliva (39) . Since we demonstrated that dead cells can serve as a good source of transforming DNA in vitro, it is possible that S. mutans and other transformable streptococci living in dental plaque can acquire foreign DNA and hence new phenotypes from neighboring dead cells in the biofilm.
This study demonstrates that S. mutans uses a peptide pheromone quorum-sensing signal transduction system to stimulate the uptake and incorporation of foreign DNA. The signal peptide can be chemically synthesized and added to cultures to stimulate transformation. We have demonstrated that S. mutans is hypertransformable when grown in biofilms in vitro, suggesting that the plaque environment may provide optimal conditions for the function of this quorum-sensing system. We also demonstrated that living cells are able to acquire chromosomal DNA from dead cells of the same species. The concept that dental plaque may provide streptococci with a vast reservoir of genetic information which can be readily incorporated outside of their species boundaries has serious implications when considering the potential for the transfer of antibiotic resistance to pathogens that may transiently reside in dental plaque. Future work will focus on the ability of these commensal oral streptococci to act as donors of DNA to pathogenic streptococci.
